Abstract. The El glycoprotein from an avian coronavirus is a model protein for studying retention in the Golgi complex . In animal cells expressing the protein from cDNA, the El protein is targeted to cis Golgi cisternae (Machamer, C. E., S. A. Mentone, J. K. Rose, and M. G. Farquhar. 1990 . Proc. Natl. Acad. Sci. USA. 87:6944-6948) . We show that the first of the three membrane-spanning domains of the El protein can retain two different plasma membrane proteins in the Golgi region of transfected cells. Both the vesicular stomatitis virus G protein and the alphasubunit of human chorionic gonadotropin (anchored to the membrane by fusion with the G protein membrane-spanning domain and cytoplasmic tail) were retained in the Golgi region of transfected cells when
S
ORTING of newly synthesized proteins in the exocytic pathway is a fundamental problem in cell biology which has received a great deal of attention in recent years. Secreted and plasma membrane proteins follow a common pathway through the cell: from the ER, through the Golgi complex, to the cell surface (32) . Resident proteins ofthe ER and the Golgi complex are specifically retained . Although much is known regarding the signal sequence-mediated translocation of proteins across the membrane of the ER (46) , less is known regarding the trafficking of proteins once they have entered this pathway.
One current hypothesis involves the idea that proteins destined for constitutive secretion or insertion at the plasma membrane are transported by default with the bulk flow of lipid (35) . Proteins destined for lysosomes or secretory granules (in cells which perform regulated secretion) are directed by specific signals once they have traversed the Golgi complex . This hypothesis requires that resident proteins of the ER and Golgi complex have specific signals that cause their retention in the appropriate compartment . Evidence is accumulating to support this idea. A tripeptide which is presumed to lack any signals for transport is secreted rapidly from cells and defines the rate of"bulk flow" (47) . Retention signals for both soluble and membranebound ER proteins have been identified (14, 30, 31) . The mannose-6-phosphate modification on lysosomal hydrolases is recognized by a receptor in the Golgi complex which targets these proteins to lysosomes (20) . their single membrane-spanning domains were replaced with the first membrane-spanning domain from El. Single amino acid substitutions in this sequence released retention of the chimeric G protein, as well as a mutant El protein which lacks the second and third membrane-spanning domains. The important feature of the retention sequence appears to be the uncharged polar residues which line one face of a predicted alpha helix . This is the first retention signal to be defined for a resident Golgi protein . The fact that it is present in a membrane-spanning domain suggests a novel mechanism of retention in which the membrane composition of the Golgi complex plays an instrumental role in retaining its resident proteins.
The Golgi complex plays a central role in the processing and sorting ofnewly synthesized proteins (reviewed in reference 9) . Its characteristic morphology (stacks of flattened saccular membranes) and central location (peri-or juxta nuclear) in the cell may be important for these functions. Four Golgi subcompartments have been defined functionally: cis-, medial-, trans-, and trans-Golgi network . Newly synthesized proteins are thought to move vectorially through the Golgi complex subcompartments via vesicular transport, from the cis-to the trans-side ofthe stack . Endogenous Golgi proteins such as the glycosyltransferases and glycosidases that are involved in the processing of asparagine-linked oligosaccharides are each enriched in a specific subcompartment (8) . It has been suggested that this arrangement allows sequential and orderly processing of glycoproteins as they are vectorially transported through the Golgi complex .
In addition to its role in protein processing, the Golgi complex is instrumental in correct sorting of protein traffic. Lysosomal hydrolases, regulated secretory proteins, and proteins destined for the apical or basolateral plasma membrane domains in polarized kidney epithelia are sorted in the trans-most cisternae of the Golgi, the trans-Golgi network (15, 43) . The cis-side of the Golgi complex may also be involved in sorting, since escaped ER resident proteins must be separated from those that are transported forward (34) .
We have been studying the sorting of newly synthesized proteins in the exocytic pathway using a model Golgi protein, the El glycoprotein ofthe avian coronavirus infectious bron-chitis virus (IBV)' . The El protein consists of a short, glycosylated amino-terminal domain, three membrane-spanning domains, and a long carboxy-terminal cytoplasmic domain. The restricted intracellular localization of the El protein in coronavirus-infected cells is believed to direct virus assembly at intracellular membranes (45) . When cDNA is expressed in animal cells in the absence of the other viral proteins, the IBV El protein is targeted to cis-Golgi membranes (29) . Deletion of the first and second, or the second and third ofthe three El membrane-spanning domains showed that the first membrane-spanning domain was apparently required for intracellular retention (26) . We show here that the first membrane-spanning domain is a Golgi retention signal, since it is both necessary and sufficient for Golgi retention . Unlike ER retention signals that have been identified at the carboxy-termini of proteins (on either the lumenal or cytoplasmic side of the ER membrane), this Golgi retention signal is buried in the membrane . Our results suggest the novel possibility that the membrane composition of Golgi subcompartments may play an important role in retaining resident proteins in this organelle.
Materials and Methods
Cells and Transfection COS-7 and HeLa cells were maintained in DME with 5 % FBS . COS-7 cells min and an aliquot of each cell lysate was immunoprecipitated with antibody to the ectodomain of G protein (aVSV), the cytoplasmic tail (ceCTG), or one of two conformation-specific mAbs (II and 114) . Microsomal membranes from transfected HeLa cells labeled for 10 min were incubated with (lanes 10 and 12) or without (lanes 9 and 11) trypsin, solubilized, and immunoprecipitated with polyclonal anti VSV serum . Samples were electrophoresed and the gel was fluorographed . plated in 35-mm dishes (70% confluent) were transfected with an SV-40-based expression vector using DEAE-dextran as described (28) . El expression was analyzed 44 h posttransfection. For expression using the vacciniaT7 system, HeLa cells (70% confluent) were infected with the recombinant vaccinia virus vTF7-3 encoding T7 RNA polymerase (10) at a multiplicity of infection of 20. After adsorption for 30 min at 37°C, the inoculum was replaced with 0.75 nil of serum free medium containing 4 Wg of a vector (pAR2529) encoding the appropriate gene behind the T7 promoter and 10 pl of the cationic lipid "TransfectACE" (Bethesda Research Laboratories, Gaithersburg, MD ; and reference 37) . Expression was analyzed by metabolic labeling starting at 4 h postinfection .
Mutagenesis and Production ofChimeric Proteins
For most of the mutations, the Kunkel method of oligonucleotide-directed mutagenesis (21) was used . The El, Am2,3, and Gml genes were cloned into the M13 vector mp8, and single strands produced in Escherichia coli RZ1032 (dut, ung) . The exception was production of the chimera Gml, which was produced by domain replacement using the oligonucleotide
using single stranded G template from E. coli JM103 and screening plaques by differential hybridization. The following oligonucleotides were used for mutation of El (with mutated nucleotides underlined) :
NIZZ : 5'-AAAGAGTATATCTTATTTATAACTG-3' ; T133 : 5'-GTTGTTCTTAATTATAAATACTTCAG-3' ; QI37 : 5'-CATAATACTTATATATGGCTATGC-3' ; mlins : 5'-ACTGCATTCTTGATAATATTGTTCTTAACC-3 ; and LQ30 : 5'-CTGCATTCTTGCAGTTCTTAACCA 3 .
NIZZTI33 was produced using both N122 and T133 oligonucleotides as Figure 2 . Gml is retained in the Golgi region of transfected cells . COS cells expressing either G or Gml were fixed and stained by doublelabel indirect immunofluorescence microscopy. Surface G protein was detected by staining with rabbit antiVSV serum followed by a Texas red-conjugated second antibody. Internal G protein was detected after permeabilization with a monoclonal anti-G antibody and a fluorescein-conjugated second antibody. Left panels were photographed with the fluorescein filter, and those on the right are the same field photographed with the rhodamine filter. Bar, 10 /Am . primers for second strand synthesis . These same oligonucleotides were used to create the mutations in the El deletion mutant, Gm2,3 . Gmlins was produced with the mlins oligonucleotide, but Gm1QI was obtained only after a longer oligonucleotide,
was used . T4 DNA polymerase (Biolabs) was used for second strand synthesis, and the double-stranded molecules were transfected into E. coli NM522 . Single-stranded DNA from three to six plaques was sequenced using the dideoxy procedure (Sequenase, USB) to select the desired mutations. The mutated genes were excised from the double-stranded replicadve form DNA and subcloned into both the SV-40 expression vector pJC119 (44) and the T7 expression vector pAR2529 (10) . All general recombinant DNA techniques were as described (41) .
The membrane-spanning domain of am was replaced with either the IBV El ml or m3 domain using restriction sites in the coding sequence . To create am1G, a BamHI to Rsal fragment (encoding the a subunit) was filled in with the Klenow fragment of DNA polymerase I, digested with Xhol, and ligated with a HpalI to BamHI fragment (encoding the ml domain and G tail) from Gml which was prepared similarly. To create am3G, the same a-encoding fragment described above was ligated with a Dral to BamHI fragment from Aml,2 (encoding the m3 domain) and a BamHI to XhoI fragment (encoding the G tail) from the G mutant TMB (which has a BamHI site introduced at nucleotide 1483 ; reference 36) .
Indirect Immunofluorescence Microscopy
COS-7 cells grown on coverslips were fixed, permeabilized, and stained 44 h posttansfection essentially as described (26, 27) . For detection of El Swift and Machamer Golgi Retention Signal and mutant El proteins, an affinity-purified rabbit anti-peptide antiserum recognizing the COOH-terminus of El was the primary antibody (1 :40, N5 gg/ml), followed by Texas red-conjugated, affinity-purified goat anti-rabbit IgG (1 :500 ; Jackson Immuno Research Laboratories Inc., Avondale, PA) . For detection of G protein and mutant G proteins by double labeling, nonpermeabilized fixed cells were first stained with a rabbit antiVSV serum (1 :200) followed by Texas red-conjugated, affinity-purified goat anti-rabbit IgG. After permeabilization with 0.5 % Triton X-100, internal G protein was detected by staining with a monoclonal anti-G antibody (11, 4 pg/ml; reference 23), followed by fluorescein-conjugated affinity-purified goat antimouse IgG (1 :200, Jackson Immuno Research Laboratories Inc.) . Cells expressing the chimeric am proteins were stained with an affinity-purified rabbit anti-peptide antibody which recognizes the G cytoplasmic tail (1 :20; reference 29) followed by the Texas red-conjugated second antibody described above . Cells were visualized with a Nikon Microphot microscope (Nikon Inc ., Garden City, NJ) equipped with epifluorescence illumination and a Nikon 60x oil immersion plan apochromat objective . Photographs were taken with Tri-X Pan film (Eastman Kodak Co ., Rochester, NY) and processed with Diafine developer (Accufine, Inc., Chicago, IL) .
Radiolabeling and Immunoprecipitation
COS-7 cells expressing El and mutant El proteins, or G and mutant G proteins were labeled -44 h posttransfection . El proteins were labeled for 1 or 2 h in 0.5 ml cysteine-free DME with 100 ACi [35 8 ]cysteine (1,300 Ci/ mmol ; Amersham Corp ., Arlington Heights, IL) . Cells were harvested immediately, or after a 3 h chase in regular growth medium containing a threefold excess of unlabeled cysteine. Cells were lysed in detergent solution (50 mM Tris, pH 8.0, 1% NP-40,0.4% deoxycholate, 62 .5 mM EDTA, and 0.13 TIU/ml aprotinin) and El proteins immunoprecipitated using the anti-peptide serum and fixed Staphylococcus aureus (Calbiochem-Behring Corp., San Diego, CA) as described previously (26) .
For analysis of G proteins, HeLa cells (4 h postinfection) or COS-7 cells (44 h posttransfection) were incubated in cysteine-free medium for 10 min and then labeled for 30 min in 0.5 ml cysteine-free medium containing 50 ACi ["S]cysteine. Cells were harvested immediately, or after various times of chase as above. Cells were lysed as above, and G proteins immunoprecipitated with either 3 Al of a polyclonal rabbit anti VSV serum, 3 Al of a rabbit anti-peptide serum which recognizes the G cytoplasmic tail (27) , or with 2 jI of mAbs Il or 114 (23) . To show that Gml spanned the membrane, HeLa cells were labeled for 10 min, scraped from the dish, dounced 50 times with a tight-fitting pestle, and treated with or without 100 jig/ml TPCK-trypsin (Boehringer-Mannheim Biochemicals, Indianapolis, IN) for 60 min at 0°C. PMSF was added to 50 mM, microsomes were solubilized in detergent solution as above, and G proteins immunoprecipitated with the polyclonal antiVSV serum .
El proteins were electrophoresed in 15 % polyacrylamide gels containing SDS, and G proteins were electrophoresed in 10% gels (22) . Marker proteins were ["C]methylated standard molecular weight markers (Amersham Corp .) . Labeled proteins were detected by fluorography (2) .
Analysis of Oligosaccharides
El oligosaccharides were analyzed after El proteins in transfected COS-7 cells were labeled for 2 h and chased for 3 h . S. aureus pellets were eluted, and aliquots were treated with endo H (0 .1 mU ; ICN Radiochemicals, Irvine, CA), N-glycanase (peptide :N-glycosidase F, 0.05 mU ; Genzyme Corp., Boston, MA), or buffer alone using the protocol described previously (29) .
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For G proteins, the kinetics of oligosaccharide processing were determined in cells labeled for 10 min followed by various chase times . Immunoprecipitates were treated with endo H (0.1 mU) as described (28) . Fluorograms were quantitated by densitometry.
Trfmer Assay Oligomerization of the Gml protein was analyzed by velocity gradient centrifugation in sucrose essentially as described (7) . Continuous 5 to 20% sucrose gradients were poured over a 0.25 ml 60% sucrose cushion in SW50.1 tubes . All solutions were in 20 mM Tris, 30 mM MES, pH 5 .8, 1% Triton X-100, 100 mM NaCl . HeLa cells expressing either G or Gml were labeled with [35 S]cysteine for 10 min and harvested immediately or after 20 min of chase in unlabeled cysteine . Lysates were loaded on top of the gradients and spun at 47,000 rpm for 16 h . Fractions (0.33 ml) were collected, immunoprecipitated with antiVSV antibody, and electrophoresed to determine the location of G protein in the gradient .
Results

Retention of a Plasma Membrane Protein
In an earlier study (26) , we found that deletion of the first and second membrane-spanning domains of El resulted in a mutant protein (Aml,2) which was efficiently transported to the plasma membrane. However, when the second and third membrane-spanning domains were deleted (Am2,3), the mutant protein was retained in the Golgi region of transfected cells. Both mutant proteins were inserted into and spanned the membrane properly. These results suggested that either the Golgi retention signal was in the first membrane spanning domain (ml), or that the deletion creating Oml,2 disrupted a retention signal elsewhere in the molecule . To distinguish between these two possibilities, we asked whether ml could retain a protein normally transported to the plasma membrane .
The G protein of vesicular stomatitis virus (VSV) is transported rapidly and efficiently to the plasma membrane in transfected cells, and much is known about its folding and oligomerization (7) . The single membrane-spanning domain of the G protein was replaced with that of ml from IBV El (Fig . 1 A) . The domain replacement was performed precisely using oligonucleotide-directed mutagenesis. The chimeric G protein, called Gml, was expressed transiently in Swift and Machamer Golgi Retention Signal COS cells using a SV-40-based vector (28), or in HeLa cells, using a vaccinia virus T7 RNA polymerase expression system (10) . Gml was recognized by polyclonal antibodies to both the G ectodomain andthe cytoplasmic tail, and by two mAbs which recognize conformation-sensitive epitopes (Fig . 1 B,  lanes 5-8) . In addition, Gml spanned the membrane since the cytoplasmic tail was susceptible to trypsin digestion in microsomal membranes (Fig . 1 B, lane 12) . These results indicated that ml functioned as a proper membrane-spanning domain in Gml, and that the chimeric protein was not grossly misfolded .
Gml was not transported to the plasma membrane, however. Indirect immunofluorescence microscopy demonstrated that Gml was absent from the cell surface but present in a juxtanuclear region consistent with Golgi localization (Fig .  2) . In addition, the two N-linked oligosaccharides added to Gml were not processed to an endo H-resistant form as they 23 were Fig. 10 ). This suggested that the Gml protein was retained in a pre-medial Golgi compartment, like the wild-type El protein .
G protein has been shown to form a noncovalently associated homotrimer before its exit from the ER (6) . We tested the oligomeric structure of Gml on sucrose gradients after a pulse-chase label (Fig. 3) . After a 10 min label, wildtype G protein was -50% trimer (8S) and 50% monomer (4S), consistent with the results of Doms et al. (6, 7) . After 20 min ofchase, all the G protein was found in the 8S trimer peak. Although apparently a monomer after the 10 min label, Gml pelleted after the 20 min chase. Other centrifugation conditions suggested this oligomer was between 15 and 20S (data not shown) . Several mutant G proteins that are grossly misfolded were also shown to pellet under the standard gradient conditions (7; and unpublished results), but unlike Gml, they pelleted immediately after the pulse label. The simplest interpretation ofour results is that Gml was retained specifically by the ml sequence. However, we cannot distinguish whether inability to trimerize resulted in retention of Gml in a subcompartment of the ER (near the Golgi region) or if the large oligomers (with or without other proteins) were the result of specific retention in the Golgi complex. These points will be discussed below.
Retention ofAnother Plasma Membrane Protein
In addition to the VSV G protein, the ml sequence was also able to retain another plasma membrane protein called am. The am protein consists ofthe alpha subunit of human chorionic gonadotropin fused to the membrane-spanning domain and cytoplasmic tail ofVSV G (16), and appears to be transported to the cell surface as a monomer (17) . In this case, we were able to replace the single membrane-spanning domain of am with either ml or the third membrane-spanning domain (m3) from the El protein using restriction sites in the coding sequence. These chimeric proteins are termed am1G and am3G, respectively. Whereas am3G was transported to the plasma membrane like the parent molecule, am1G was retained in the Golgi region of transfected COS cells (Fig.  4) . The two N-linked oligosaccharides on am1G remained endo H sensitive, whereas those on am and am3G were processed to an endo H-resistant form (data not shown) .
Point Mutations in ml Release Retention ofOm2,3, but not the Full-length El Protein
We attempted to define the sequence requirements for retention of El . The amino acid sequence of ml is not unusual for a membrane-spanning domain (Fig. 4 B) . When comparing the sequences of four El proteins from different coronaviruses however (18), we noticed that the polar uncharged residues spaced throughout the ml domain were conserved (Fig. 5 A) . These polar residues line up on one side of a predicted alpha helix when the sequence is modeled . We asked if three of these polar residues (Asn22, Thr33, and Gln37) were required for proper targeting of El by changing them individually or in combination to hydrophobic isoleucines. In addition, we inserted two isoleucines in the middle ofml to disrupt the potential amphipathicity ofthe helix. We also changed one of the conserved hydrophobic residues
The Journal of Cell Biology, Volume 115, 1991 (Leu30) to a polar Gln (see Fig. 5 A for a summary of mutations) . The mutations were introduced into both the wildtype El protein and the mutant protein Om2,3, which has only the first of the three membrane-spanning domains and is reta6ied in the Golgi region like the wild-type protein.
The mutant proteins were all inserted into the membrane and glycosylated as shown by immunoprecipitation from [ 3 IS]cysteine-labeled transfected COS cells (Fig. 5 B) . Mutation of Asn22 (N122) reduced the amount of fully glycosylated protein (most had one N-linked oligosaccharide instead of two), perhaps by conformationally altering the aminoterminal domain. Localization of the mutant proteins was determined by indirect immunofluorescence microscopy. With the exception of the Leu30 to Gln change (LQ3o), all of the mutations introduced into the full-length El protein appeared to hinder transport out of the ER (Fig. 6 ) . This is seen by the reticular staining pattern which includes nuclear envelope . This suggested that the Ile mutations might be disrupting proper folding ofthe El protein, perhaps by interfering with association of ml with the other two membranespanning domains, or with insertion into the membrane . In contrast, the LQ3o mutation had no apparent effect on targeting of El. Since mutating the polar residues to Ile prevented the exit of the mutant proteins from the ER, we were not able to assess their effects on retention in the Golgi complex .
The same mutations were tested in the Om2,3 background, where ml is the only membrane-spanning domain . In this case, all of the Ile mutations, including the two amino acid insertion, resulted in transport of the proteins to the plasma membrane with varying efficiency (Fig. 7) . The Leu to Gln mutation (Om2,3/LQ 3o) again had no effect on targeting of Om2,3.
These results were confirmed and quantitated by analyzing the processing of the N-linked oligosaccharides . The two oligosaccharides of the nonretained El mutant protein Oml,2 are processed to an endo H-resistant, polylactosamine-containing form as the protein is transported through the Golgi complex to the plasma membrane (27) . Since the processed form is heterogeneous, it is difficult to quantitate on SDS gels. To determine the fraction of each protein with processed oligosaccharides, we subtracted the amount ofunprocessed material (endo H sensitive) from the total (Nglycanase sensitive ; Fig . 8 ) . As shown in the quantitation below the lanes, Om2,3/QI3,, and Am2,3/ins were the most efficiently transported, with 90 and 85 % endo H-resistant oligosaccharides after a 3-h chase, respectively.
Point Mutations in ml Release Retention ofGml
Our results suggested that ml was indeed a retention signal when it was the only membrane-spanning domain in the protein. To confirm that the chimeric VSV G protein Gml was retained specifically by the ml sequence, we introduced the two mutations found to release retention of Om2,3 most efficiently (QI37 and mlins) . Both Gm1QI and Gmlins were transported to the plasma membrane, as shown by indirect immunofluorescence (Fig. 9) . Both of these proteins were transported efficiently, but less rapidly than wild-type G protein, as shown by the halftimes of oligosaccharide processing (Fig. 10 ). Gm1QI and Gmlins were processed with half times of 25 and 35 min, respectively, as compared to 18 min for wild-type G protein. When assayed for oligomerization on sucrose gradients, both Gm1QI and Gmlins were found to form normal trimers (not shown) . These results suggest that Gml is retained specifically via the ml sequence and not nonspecifically because of misfolding . In this paper, we have shown that the first of the three membrane-spanning domains of the model Golgi protein IBV El contains a signal for retention. When the single membrane-spanning domain of a model plasma membrane protein (VSV G) was replaced with the ml sequence from El, the chimeric Gml was retained in the Golgi region of transfected cells . Another plasma membrane protein (am), was also retained in the Golgi region when ml replaced the normal membrane-spanning domain, but not when m3 was inserted . The uncharged polar residues that line one face of the alpha helix predicted for ml seem to be the important feature of this sequence . Changing any of three polar residues to an Ile, or insertion of two Ile residues into the middle of ml in the El protein Om2,3 (with the second and third membrane-spanning domains deleted) resulted in transport to the plasma membrane . Thus, ml was shown to be necessary and sufficient for Golgi retention when it was the only membrane-spanning domain in the protein . With further mutagenesis, we are in the process of determining whether the exact sequence of polar residues is required for Golgi retention, or if the polar nature of one side of the helix is the important feature .
Several possibilities could explain our inability to release Swift and Machamer Golgi Retention Signal retention of the full-length El protein with the mutations we introduced . First, certain mutations in ml might affect assembly of the protein in the membrane because of the proximity of the m2 and m3 domains (we are unable to predict these interactions) . Second, there could be a sequence in addition to ml that is involved in retention of full-length El (perhaps in m2) . Third, retention of El could occur via a different mechanism than retention of Om2,3 and Gml . Replacing the polar residues in ml with a hydrophobic residue containing a smaller side chain than isoleucine might be less disruptive to folding and assembly of El, and allow us to assess the contribution of ml to retention of El . We have recently replaced Gln37 in the full-length El protein with alanine, and this replacement appears to release retention and allow transport to the plasma membrane (unpublished results) . We therefore favor the interpretation that ml is involved in retention of full-length El as well as Am2,3 and Gml. However, more mutations need to be analyzed before concluding that the ml sequence in the full-length El protein is fully responsible for retention .
The Gml chimeric protein provides strong evidence that ml contains retention information . The finding that two of the mutations in ml that released retention of Om2,3 (Om2,3/ QI37 and Om2,3/ins) also allowed efficient transport of Gml to the cell surface supports the idea that Gml is retained specifically. It is unlikely that the single glutamine to isoleucine change in the middle ofthe membrane-spanning domain of Gm1QI would prevent misfolding of Gml. It is more likely that this glutamine residue is a key component of the retention signal, and its replacement eliminates retention .
It should be noted that the only protein whose localization we have determined at the electron microscope level is the wild-type El protein . Although both the immunofluores- Figure 6 . Indirect immunofluorescence microscopy of mutant El proteins . Transfected COS cells were fixed, permeabilized, and stained for El using the anti-peptide antibody which recognizes the El cytoplasmic tail, followed by a Texas red-conjugated second antibody. With the exception of LQ3o, all of the mutation appeared to hinder exit of the mutant proteins from the ER . Bar, 10 jm . cence data and the endo H-sensitive oligosaccharides on Om2,3 and Gml are consistent with cis-Golgi localization, absolute verification awaits immunoelectron microscopy.
The polar residues that were mutated are conserved in the El proteins from four different coronaviruses (18) . Although there is little amino acid conservation overall in these proteins, the membrane topology is predicted to be the same. The first and second membrane-spanning domains show the highest overall region of identity (18) . This suggests an imThe Journal of Cell Biology, Volume 115, 1991 portant function for this region, and our results indicate this might be intracellular retention .
Contrasting results with an El protein from a different coronavirus, mouse hepatitis virus, have recently been reported by Armstrong et al . (1) . They found that an El protein lacking the carboxy-terminal 40 amino acids, as well as a deletion mutant comparable to our Om1,2 was not retained in the Golgi region . (Although these proteins were not retained in the Golgi region, they were detected in lysosomes, Figure 7 . Indirect immunofluorescence microscopy of Om2,3 with mutations in the ml domain . Transfected COS cells were stained as in Fig . 6 . When ml was the only membrane-spanning domain in the protein, all of the Ile mutations resulted in transport of the mutant proteins to the plasma membrane. Mutation of Leu30 to Gln (dm2,3/LQjo) had no effect on Golgi localization . Bar, 10 ,.m. not at the plasma membrane) . We have produced a number of deletions in the cytoplasmic tail of IBV El, and have seen no effect on Golgi localization (unpublished results) . Although localization of the mouse hepatitis virus El protein in transfected cells at the electron microscopic level has not been reported, the protein appears to acquire carbohydrate modifications characteristic of the late Golgi region when Swift and Machamer Golgi Retention Signal expressed in COS cells (39) . Thus, it is possible that the mouse hepatitis virus El protein reaches a later Golgi subcompartment than the IBV El protein, and that the retention mechanism could be different . Interestingly, both TGN38 (a trans-Golgi network protein ; reference 25) and Kex2p (believed to be a late Golgi protease in S. cerevisiae ; reference 11) are not retained in the Golgi complex when their cyto- Figure 8 . Analysis of the N-linked oligosaccharides on mutant El proteins . Transfected COS cells were labeled with ['SS]systeine for 2 h, and chased in unlabeled cysteine for 3 h . Lysates were immunoprecipitated with anti-El antibody, and precipitates were eluted and split into three aliquots . These were untreated (-), digested with endo H (H), or digested with N-glycanase (N) to remove all of the carbohydrate . Fluorograms were quantitated by densitometry, and the amount of processed (polylactosaminoglycan containing) oligosaccharides was determined by subtracting the amount of unprocessed material (endo H sensitive) from the total (N-glycanase sensitive) . The percentage of El with processed oligosaccharides is shown below each set of three lanes .
plasmic tails are deleted . This suggests that retention of membrane proteins in the trans-Golgi network may involve sequences on the cytoplasmic side of the membrane .
Mechanism ofRetention
How might a sequence buried in the lipid bilayer function in retention? The Lys Asp-Glu-Leu (KDEL) sequence found at the carboxy-terminus of a group of soluble resident ER proteins (HDEL in S. cerevisiae) has been shown to be necessary for their retention in the ER (30, 34) . Recently, putative receptors which recognize these sequences have been identified (24, 42, 48) . It has been suggested that these receptors retrieve escaped ER residents from a pre-Golgi compartment termed the salvage compartment (19, 34) . Ifthe ml sequence is recognized by a receptor, it would have to be a transmembrane receptor whose own membrane-spanning domain recognized ml . As predicted from the structure of the photosynthetic reaction center of Rsp. viridis (5), polar residues in membrane-spanning domains might be expected to interact with other polar amino acids, and hydrophobic residues with membrane lipids . Although the oligomeric structure of Gml suggests that it could be associated with one or more different proteins, to date we have been unable to detect other proteins by co-immunoprecipitation or cross-linking .
Another, nonreceptor-mediated mechanism of retention is also conceivable . A structural change such as aggregation could occur when a protein arrives in a new compartment, preventing movement into transport vesicles. This type of retention has been demonstrated for many mutant proteins that fail to fold correctly after synthesis, resulting in retention in the ER (37) . The cis-Golgi is thought to differ from the ER in several ways, most notably in lipid composition
The Journal of Cell Biology, Volume 115, 1991 and divalent cation concentration . The early Golgi is the first compartment where a newly synthesized protein comes into contact with glucosylceramide and sphingomyelin, which are synthesized there (12, 13) . In addition, the Cal+ concentration is presumed to be significantly lower than in the ER (3) . We are currently analyzing the oligomeric structure of the El protein and the mutant protein Om2,3 . Since Gml is found in an oligomer greater than 15S, the possibility exists that retention of these proteins occurs indirectly via aggregation. We are using both the El protein mutants and the Gml mutants to address the possible direct (receptor mediated) or indirect mechanisms of retention .
Implications for Retention of Endogenous Golgi Proteins
Since El is a viral protein, our results need to be confirmed for endogenous Golgi proteins. Unfortunately, cDNAs are not yet available for endogenous cis-Golgi proteins, although cDNAs encoding trans-Golgi glycosyltransferases have been isolated (reviewed in 33) . All Golgi glycosyltransferases that have been sequenced have a "type 11" membrane topology, with the amino terminus in the cytoplasm, the carboxy terminus in the lumen, and an uncleaved signal sequence which also serves as the membrane-spanning domain (33) . There is no obvious sequence homology between the ml domain of El and the membrane-spanning domains of these proteins . However, there are several observations which support the idea that sequences associated with the lipid bilayer might be involved in retention of proteins in the trans-Golgi complex . Colley et al . (4) have shown that ca2,6 sialyl transferase is efficiently secreted from transfected cells if a cleavable signal sequence is engineered in place of the normal signal an- Figure 9 Two different mutations in the membrane-spanning domain of Gml release retention from the Golgi region . The conserved Gln (Gln 37 in El) was changed to Ile (GmIQI), and the 2 Ile residue insert was introduced into Gml (Gmlins) . Double-label indirect immunofluorescence microscopy was performed as described in Fig. 2 . Both GmIQI and Gmlins were readily detected on the plasma membrane. Bar, 10 uM .
chor . Russo et al . (40) have found that the amino terminus of 01,4 galactosyl transferase (including the cytoplasmic tail and membrane-spanning domain) is sufficient to target a marker protein, pyruvate kinase, to Golgi membranes (40; Russo, R . N., N. L. Shaper, and J. H. Shaper, manuscript in preparation) . In addition, no lumenal, nonmembranebound Golgi proteins have yet been identified . All of these observations are consistent with the idea that sequences bu- Figure 10 . Rate of transport of Gm1QI and Gmlins through the Golgi. Transfected COS cells expressing G, Gml, Gm1QI, or Gmlins were labeled for 10 min with ['SS]cysteine, and chased in unlabeled cysteine for the times shown. Lysates were immunoprecipitated, and left untreated (-) or digested with endo H (+). The oligosaccharides on both Gm1QI and Gmlins are processed to an endo H-resistant form efficiently, but somewhat more slowly than those on the wild-type G protein.
ried in the lipid bilayer of the Golgi are important for retention in this organelle . Further experiments using the lBV El protein as a model for Golgi retention should provide additional insight into the fundamental problem of protein sorting in the exocytic pathway.
